Cantilevers fabricated by means of micromachining techniques are usually used for atomic force microscopy. In this paper, the spring constant of an atomic force microscope (AFM) cantilever is determined by using a large-scale cantilever. Since the spring constant of the large-scale cantilever is calibrated accurately, the spring constant of the AFM cantilever is determined precisely by measuring the deflections of both cantilevers simultaneously using heterodyne interferometry. The slope of the force curve gives the spring constant of the AFM cantilever. It is not necessary to measure the dimensions of the AFM cantilever in the proposed method. Although this method is simple, the spring constant of the AFM cantilever is obtained accurately.
Introduction
The atomic force microscope (AFM) has become an important tool for investigating surface properties with atomic resolution. The AFM can detect a small force by measuring a small deflection of an AFM cantilever, which is usually fabricated by micromachining techniques based on semiconductor integrated circuit (IC) technology.
When we want to know the accurate value of the force acting between a sample and an AFM cantilever, we have to know not only the AFM cantilever deflection but also the spring constant of the AFM cantilever. In addition, an accurate determination of the spring constant is desirable for the investigation of the surface adhesion force [1] . Quantitative analyses of adhesion force were carried out with the assumption that the calculated spring constant of the AFM cantilever was accurate. An accurate spring constant is an indispensable factor when we compare theoretical and experimental forces.
The spring constant of the cantilever was calculated by using cantilever dimensions and bulk material properties [2, 3] . Accurate Young's moduli and cantilever dimensions are required to calculate the accurate spring constant. Although the Young's moduli of thin-film materials have been measured by several groups, the obtained results are different from one another. For example, the Young's moduli of thermally oxidized silicon thin films have been measured to be similar to those of bulk materials [4] .
Laugier measured the Young's moduli of thin films of aluminium and silver. The assumption that the Poisson ratio of a thin film is similar to that of a bulk material gives the results that the Young's moduli of aluminium and silver are similar to those of bulk materials [5] . However, the Young's modulus of polycrystalline silicon deposited by chemical vapor deposition was smaller than that of bulk crystalline silicon [6] . In some cases, specific treatment could generate cracks or wrinkles on the film material, and the Young's moduli of the materials could change [6] . These results indicate that composition and preparation of a thin film may change the Young's moduli of the thin film. Moreover, the calculation approaches neglect variation of the spring constants in individual cantilevers due to structural defects, size distributions and composition of the cantilevers.
Resonances curves, which shifted with an added mass, have been used to determine the spring constant [7, 8] . The spring constant of the cantilever was calculated by using an effective mass and resonant frequencies. In another case, a large-scale cantilever with known dimensions was used to calibrate the spring constant of the AFM cantilever [9] . The large-scale cantilever attached to a micromanipulator was used so that the applied force bent the AFM cantilever. A stage displacement of the AFM cantilever is measured precisely by using a piezoelectric actuator with known sensitivity. However, the actual deflection of the AFM cantilever is not measured by the reaction from the AFM cantilever. In addition, the applied force could not change continuously and the deflection of the AFM cantilever was not measured as a function of the applied force, although a precision, low-force balance is used for atomic force microscope probe calibration [10] . This problem therefore required the construction of electrostatic balance instrumentation.
In this paper, a method for determining the spring constant of micromachined cantilevers for atomic force microscopy is described.
Individual cantilevers are calibrated by a nondestructive procedure. A large-scale cantilever having a low spring constant is used as a standard of the spring-constant measurement. By using the largescale cantilever, continuous increasing force is applied to the AFM cantilever. The deflection of the AFM cantilever is monitored as a function of the applied force by the largescale cantilever. The deflection of the AFM cantilever and the applied force give the spring constant of the AFM cantilever by Hooke's law. In the proposed method, it is not necessary to measure the accurate dimensions of the AFM cantilever. Only the applied force and the AFM cantilever deflection are required in order to obtain the spring constant of the AFM cantilever. An AFM system using heterodyne interferometry is used in order to measure the deflection of both the large-scale cantilever and the AFM cantilever.
The proposed method is so simple that end users can calibrate an AFM cantilever when they want to measure an accurate magnitude of the force acting between an AFM cantilever and a surface.
Measurement principle
A large-scale cantilever, which is used as a standard of the spring constant, is used to apply a small force to the AFM cantilever. First, a large-scale cantilever, which is of the order of a centimetre long, is prepared as a calibration standard. The spring constant of a cantilever of rectangular cross section can be calculated by
where E is the Young's modulus of elasticity, t is the thickness, w is the width and l is the length. However, the spring constant of the large-scale cantilever is directly given by measuring both its deflection and the mass of a weight attached at the end of the large-scale cantilever.
When an end mass M is added to the large-scale cantilever, the deflection x of the large-scale cantilever is measured with an optical microscope. The spring constant k std of the large-scale cantilever is easily calibrated by
where g is the acceleration due to gravity.
Then the large-scale cantilever is mounted on an AFM stage as shown in figure 1 . The large-scale cantilever mounted on the AFM stage approaches an AFM cantilever by the z actuator. One end of the large-scale cantilever is mounted so that its free end will come into contact with the AFM cantilever. The deflection of the AFM cantilever is measured as a function of the AFM stage displacement. After contact, the large-scale cantilever bends the AFM cantilever. The spring constant of the AFM cantilever is determined from the slope of the force curve (AFM cantilever deflection versus AFM stage displacement). Since the force curve measurements took us a few seconds, we did not consider the dynamic performance of the AFM system.
The contact force is measured by detecting the deflection of the AFM cantilever. We can measure the AFM cantilever deflection when it scans a sample surface. The maximum deflection of the AFM cantilever in the springconstant measurement is determined by the AFM cantilever deflection in the surface investigation. If the contact force in the spring-constant measurement is smaller than that in the surface investigation, the tip of the AFM cantilever does not become damaged. The proposed method uses the linear region in the force curve. In order to show the linear region in the force curve, the deflection of the AFM cantilever was approximately 2 µm. In our experiments, we could not observe any difference between the signals obtained before calibration and after calibration.
As the forces acting on the cantilevers are equal, k std δ std = k prb δ prb , where δ std and δ prb denote deflections of the large-scale cantilever and the AFM cantilever, and k prb is the spring constant of the AFM cantilever. The AFM stage displacement z std is proportional to the voltage applied to the piezoelectric actuator determined as described in the next section. From the AFM stage displacement z stg and the AFM cantilever deflection δ prb , the largescale cantilever deflection δ std is given by the equation δ std = z stg − δ prb . Hence
Since surface forces such as van der Waals, capillary, electrostatic, capacitive, double-layer, magnetic or adhesive forces are acting between the AFM cantilever and the sample surface, it is difficult to find an actual contact point [12] . For a small change of z stg , we have
The differential term dδ prb /dz stg is the slope of a force curve after the AFM cantilever comes into contact with the large-scale cantilever. Accurate measurement is performed by using the least-squares method.
Experimental details
The large-scale cantilever which is used as a calibration standard of the spring constant is mechanically cut copper foil. Its dimensions are 35 mm long, 0.05 mm thick and 0.5 mm wide. The Young's modulus of copper is 12.19 × 10 10 Pa. Hence the theoretical spring constant of the large-scale cantilever is calculated to be 0.047 N m −1 by using equation (1) . The spring constant of the large-scale The difference between experimental (0.0417) and theoretical (0.047) spring constants is due to the incompleteness of the mechanically cut rough edge. We cannot take the mechanical incompleteness, for example the roughly cut edge, into the theoretical evaluation.
The deflection of the AFM cantilever has been monitored by a number of detection methods. One of the best techniques is heterodyne interferometry. A commonpath heterodyne interferometer with a Zeeman laser is used to obtain a vertical resolution of 1 nm [13] . A heterodyne interferometer using an optical fibre with a He-Ne laser is used to reduce the noise level to 4.5 × 10 −3 nm Hz −1/2 [14] . In our experiments, a common-path heterodyne interferometer with a He-Ne laser is used to detect the deflection of the AFM cantilever. An AFM using a heterodyne interferometer was developed to measure an AFM cantilever deflection accurately and precisely [15] . A He-Ne laser is used as a light source for the interferometer. The incident beam is divided into a signal beam and a reference beam. The signal beam is focused on the front end of the AFM cantilever. The phase difference between the reflected signal beam and the reference beam is detected. In our system, the beat frequency of the interferometer is 100 kHz and the counter clock per one beat is 100 MHz. Since the wavelength of the He-Ne laser is 633 nm, the resolution of the interferometer is (633 × 10 −9 /2)(100 × 10 3 /100 × 10 6 ) = 0.3 × 10 −9 m. An AFM stage consists of a piezoelectric tripod, which is moved independently in the x, y and z directions by computer control. Hysteresis of the piezoelectric tripod is compensated for by adjusting the voltage applied to each piezoelectric actuator. Although we used a heterodyne interferometer in our experiments, any other AFM system, which can measure an accurate value of the AFM cantilever deflection, can be used to calibrate the spring constant of the AFM cantilever. We measured the AFM cantilever deflection by heterodyne interferometry. The displacement of the AFM stage and the deflection of the large-scale cantilever are obtained by using the AFM cantilever deflections. Figure 2 shows an example of the force curve obtained for an optical mirror coated with Al and SiO 2 films. The horizontal axis denotes the stage displacement z stg and the vertical axis denotes the deflection of the AFM cantilever δ prb . The vertical axis is easily translated into the force acting between the AFM cantilever and the sample. Multiply the deflection of the AFM cantilever by the spring constant of the AFM cantilever, and the product is the force. Therefore figure 2 is also the force curve [11] . Since the root of the large-scale cantilever is fixed on the stage, the stage displacement is equal to the displacement of the root of the large-scale cantilever. We can be assured that the displacement of the root of the large-scale cantilever is equal to the displacement of the z stage. The deflection of the large-scale cantilever is z stg − δ std , as described in the previous section. The force balance of both the cantilevers is equation (3), and the gradient of the force curve after the contact is 'c' in equation (5) . We can obtain the spring constant by using equations (4) and (5). The slope of the force curve in figure 2 was 1.147. This result was used to calibrate the displacement of the AFM stage. In this case the sample was the optical mirror and the spring constant of the hard material is infinity. Therefore the slope of the force curve should be 1. The actual displacement of the AFM stage is obtained from the measured displacement divided by 1.147. The large-scale cantilever was mounted in the AFM stage, and a force curve was obtained by the AFM cantilever and the heterodyne interferometer. The obtained force curve was used to determine the spring constant of the AFM cantilever. Figures 3(a) and (b) show results of the measured force curves of commercially available AFM cantilevers [16] . The theoretical and measured spring constants are summarized in table 2. The slope of the force curve was calculated by the method of least squares. Data 0 are from figure 2. The value 1.147 is used to calibrate the other data. Data 1 and 2 are from figures 3(a) and (b) respectively. The slope of the force curve c is determined to be 0.340/1.147 for data 1 and 0.768/1.147 for data 2. By using these values and equations (4) and (5), we determined the experimental spring constants.
Results and discussion
The theoretical spring constants are obtained by considering two combined rectangular cantilevers. Since we are considering two combined rectangular cantilevers, the theoretical spring constant is twice the value obtained by using equation (1) . The dimensions are summarized in table 2. Length and width are measured by an optical microscope. Thickness is, however, the value written in the catalogue [16] . The Young's modulus of silicon nitride is 14.6 × 10 10 Pa [17] . The results obtained by the theoretical and the experimental method agree well. However, there are some differences in error evaluation. The error of the theoretical spring constant of an AFM cantilever is given by
Thickness measurement of the cantilever is the most difficult measurement to obtain. For example, the width is w = 20 µm and the length is l = 200 µm, while errors are dw = dl = 0.1 µm with a conventional microscope.
Since an AFM cantilever is made from thin-film material, its thickness is t = 0.4 µm and dt = 0.01 µm. Even if the error of the Young's modulus measurement of the material is dE/E = 0, the error of the theoretical spring constant is estimated to be dk/k = 0.0815 by using equation (6) . This means that the error of the theoretical spring constant of the AFM cantilever may be at most 8.15%. The error for the theoretical spring constant is larger than that of the experimental spring constant, since errors Table 2 . Spring-constant measurement of the AFM cantilever. Number 0 is used for the calibration of the AFM stage. The error of the measured spring constant is 0.5% due to the error of the large-scale cantilever. for the spring constant of the large-scale cantilever are less than 0.5% and the slope for the large-scale cantilever is obtained by the method of least squares (see table 2 ). The spring constant of the AFM cantilever is determined by a force curve. If k std is much smaller than k prb , (1 − c)/c is much larger than 1. In this case, a slight error in c makes a large amount of error in k prb , since c is much smaller than 1. If k std is much larger than k prb , (1 − c)/c is much smaller than 1. In this case, the slope of the force curve is insensitive and an accurate determination of the AFM cantilever spring constant is difficult. Since the spring constant of an AFM cantilever is roughly equal to the calculated spring constant, the desirable large-scale cantilever is designed to be k std = k prb .
Since each AFM cantilever produced by the micromachining technique has a different spring constant, calibration is necessary for precise measurement. In this paper, a simple and direct measurement method for determining the spring constant of the AFM cantilever has been described. The spring constant of the AFM cantilever has been determined by using a large-scale cantilever as a spring-constant standard. The proposed method provided a nondestructive measurement of AFM cantilevers. In the proposed method, it is not necessary to know the dimensions of the AFM cantilever. In addition, the measured spring constant takes the possibility of detecting undesired cracks or defects in the AFM cantilever into consideration.
Summary
We determined the spring constant of the AFM cantilever by using a large-scale cantilever. First, we determined the spring constant of the large-scale cantilever. Mass and deflection were used to determine the spring constant. By using precise weight and an optical microscope, the error was less than 0.5%. Then the linear displacement of the AFM stage was calibrated. By using a heterodyne interferometer, the voltage applied to the piezoelectric actuator was determined in order to guarantee the linear displacement of the AFM stage. Next we measured the deflection of the AFM cantilever by using a large-scale cantilever and obtained the force curve. The spring constant of the AFM cantilever was obtained by the slope of the force curve. The gradient of the force curve was determined by the method of least squares. Since we used the linear part of the force curve, the error of the spring-constant measurement was less than 0.5%. Due to some remaining uncertainties in the spring-constant measurement, for example the position of calibration masses on the cantilever, this measurement technique is considered to be a transfer standard for the masses and does not represent an absolute scale. However, the main point in this paper is the use of the large-scale cantilever and the force curve of the AFM. By using the large-scale cantilever we can apply an increasing force to the AFM cantilever and by using the force curve we can obtain a continuous relation between the deflection of the AFM cantilever and the applied force. Therefore the proposed measurement is equivalent to the repeated measurement obtained by changing the applied force, and the proposed measurement gives a reliable spring constant of the AFM cantilever to those who want to know the accurate spring constant of the AFM cantilever. We believe that our proposal is the simplest method of determining the spring constant of the AFM cantilever experimentally.
